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Abstract: Arc thermal metal spray coating provides excellent corrosion, erosion and wear resistance
to steel substrates. This paper incorporates some results of aluminum coating applied by this method
on plain carbon steel. Thereafter, coated panels were exposed to an environment known to form stable
corrosion products with aluminum. The coated panels were immersed in Society of Automotive
Engineers (SAE) J2334 for different periods of time. This solution consists of an aqueous solution
of NaCl, CaCl2 and NaHCO3. Various electrochemical techniques, i.e., corrosion potential-time,
electrochemical impedance spectroscopy (EIS) and the potentiodynamic were used to determine the
performance of stimulants in improving the properties of the coating. EIS studies revealed the kinetics
and mechanism of corrosion and potentiodynamic attributed the formation of a passive film, which
stifles the penetration of aggressive ions towards the substrate. The corrosion products that formed
on the coating surface, identified using Raman spectroscopy, were Dawsonite (NaAlCO3(OH)2) and
Al(OH)3. These compounds of aluminum are very sparingly soluble in aqueous solution and protect
the substrate from pitting and uniform corrosion. The morphology and composition of corrosion
products determined by scanning electron microscopy and energy dispersive X-ray analyses indicated
that the environment plays a decisive role in improving the corrosion resistance of aluminum coating.
Keywords: passive film; arc thermal metal spray; electrochemical impedance spectroscopy; Raman
spectroscopy; SEM; X-ray diffraction
1. Introduction
Steel is being used everywhere in world due to its broad application. Steel has inherent mechanical
properties to a proper extent, but there are some problems related to corrosion, especially in aqueous,
dry and atmospheric conditions. The atmospheric corrosion of steel is a serious problem and different
types of organic and inorganic coatings have been developed to extend the service life of structures
made from steel. Besides coatings on structural steel, stainless steel is being used in infrastructure
but is not economical. The coating of steel with aluminum metal is found to provide protection in
industrial and marine environments. Different techniques for the application of aluminum coating
such as hot dip, aluminizing, high velocity oxy fuel, plasma spray and arc thermal spray methods,
have been developed. Among these techniques, arc thermal spray methods are convenient, economical
and logistically feasible [1,2]. To protect bridges, strobes, pipelines and other large steel structures for
long-term protection in industrially polluted, saline and open atmospheres, the use of Al coating with
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the thermal spray process had been reported about a century ago [3]. The application of coatings with
the arc thermal process is very easy and convenient. In this process, prior to the application of the
coating, the target surface should be proper cleaned and sandblasted because a good anchoring for
the coating is required. This instrument gun is portable and a power supply is needed for the arcing
of wires. Before applying the coating, it must be ensured that there is a proper power supply at the
application location and a fuel tank necessary for the flame spray. In the arc thermal metals spray
process, twin wires are used for coating and an electric arc melts the tips of these wires. After arcing,
the wires melt and atomized by hot air which impinges on the target (substrate). The melted metal
droplets adhere onto the substrates and are cooled at room temperature, resulting in the formation of a
coating [4]. Due to the high speed of spraying and the sudden cooling of melted metal droplets spread
at the substrate, some invisible porosity in the deposited coating and shrinkages develops [1,5–8].
To fill the pores or defects in coatings, various methods have been suggested. The most popular
method is metal-polymeric dual coating. The application of polymeric coating is better for shorter
durations of exposure with regard to corrosion protection. In the case of longer durations, it causes
cracking or premature distresses in the coating. It is caused due to a difference in the thermal expansion
coefficients of the metal-polymer. Li et al. (2006) and Muhamad et al. (2013) have carried out research
into the protection of steel by means of Al coating through an arc thermal spray process with a filler;
they reported enhanced corrosion resistance properties for this coating after eight years of exposure in
a coastal environment [9,10].
A search of the literature reveals that very limited information is available on the use of fillers
or other techniques to block the porosity of arc thermal sprayed aluminum coating. To enhance
the properties of coatings, researchers are using different pseudo alloys and rare earth metals for
corrosion resistance properties in aggressive environments [11,12]. Due to the anodic nature of
Al metal, it sacrificially protects the steel surface. During the corrosion process of the Al coating,
its corrosion products are deposited on the coating surface. These corrosion products fill the pores of
the coating and enhances the corrosion resistance performance of the Al coating by arc thermal spray
process. The most popular test environment to assess the performance of the coatings is 3.5 wt. %
sodium chloride. The corrosion performance of Al coatings in coastal and open industrially polluted
environments showed the enhanced corrosion resistance properties for longer duration of exposure due
to the sacrificial nature of Al metal [13] and the formation of naturally occurring protective corrosion
products on the coating surface [14]. These protective corrosion products block the pores of the coating
and increase the corrosion resistance properties of the coating. For studies on atmospheric corrosion,
the coating should be exposed for longer durations to assess its corrosion resistance properties [15].
A search of the literature also shows that there is possibly no such research being carried out
by anyone to study the performance of Al coatings in the laboratory in the presence of stimulants.
Generally, stimulants are induced in nature for the corrosion of metals and alloys. In the atmosphere,
there are many stimulants present, i.e., carbonates, chlorides, sulphates, nitrates, etc. The atmospheric
corrosion for coated samples requires a significant amount of time to determine their performance and
depends on the aggressiveness of the environment [15]. However, this study simulates the aggressive
atmospheric environment to form naturally occurring corrosion products to block the pores of the
coating in immersion conditions. We allowed the deposited coating to age in an environment having a
lower concentration of sodium chloride, sodium bicarbonate and calcium chloride. The idea was to
develop sparingly soluble corrosion products under immersion conditions and block the porosity in
the coating. The objectives of this study are as follows:
1. To evaluate the performance of Al coatings in immersion conditions of SAE J2334 solution;
2. To determine the kinetics and mechanism of corrosion process for Al coatings applied by arc
thermal metals spray in the presence of stimulants, i.e., carbonate and chloride ions;
3. To study the role of stimulants on the formation of corrosion products on the surface of Al
coatings in SAE J2334 solution;
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4. To study the nature of corrosion products formed on Al coating surface in presence of stimulants,
i.e., carbonate and chloride ions.
2. Materials and Methods
2.1. Process of Coating
An arc thermal metal spray coating with commercially pure Al (99.95 wt. %) wires of 1.6 mm
diameter was applied to a sandblasted mild steel substrate. The chemical composition of the mild steel
is shown in Table 1. The dimension of the samples was 80 mm ˆ 60 mm ˆ 1.0 mm. The thickness of
the coating was measured using a non-destructive technique with Elcometer 456 at different places,
and was approximately 100 µm (˘5 µm). The details of the spraying parameters are shown in
Table 2 [16–18].
Table 1. Chemical composition of steel (wt. %).
Chemical Composition (wt. %)
C Si Mn P S Cu Cr Ni Fe
0.240 0.260 0.950 0.016 0.008 0.020 0.040 0.030 balance
Table 2. Detail parameters used in the high frequency arc thermal metal spray process [16–18].
Parameters (unit) Quantitative Value
Air Pressure (bar) 4–6
Spraying distance (cm) 15–25
Spraying Voltage (V) 30
Spraying Current (A) 200
In this method, Al metal is being melted at an arc point through a circular slit by hot air
stream in which metal can be diffused and cooled at room temperature (Figure 1). The detail of the
spraying parameters was maintained on the basis of earlier work done by different researchers [16–18].
The diffused layer of coating was formed on the steel substrate. During the solidification and
diffusion of metals towards the steel substrate, some pores are being formed on the coating. The
pores are different sizes and contribute to getting moisture, oxygen and other aggressive ions from
the atmosphere.
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2.2. Electrochemical Studies
The electrochemical studies were performed with the SAE J2334 (Society of Automotive Engineers)
solution [20–24]. It consists of 0.5 wt. % NaCl, 0.1 wt. % CaCl2 and 0.075 wt. % NaHCO3. The Al coating
is directly immersed in the SAE J2334 solution and it is likely identical to atmospheric weathering
conditions, which contain chloride and carbonate ions in open industrially polluted environments.
The chemicals used were of analytical grade. The pH of the SAE J2334 solution was measured at
room temperature and was 9.17. These chemicals were dissolved in double distilled water. Prior to
the start of the experiments, the samples were exposed to the solution and stabilized the potential
with potentiostat. These studies were performed by three electrode systems where the coated sample
worked as a working electrode (WE), platinum wire as a counter electrode (CE) and silver-silver
chloride as a reference electrode (RE). The electrochemical setup is shown in Figure 2. The sample
holder area of working electrode was 0.78 cm2 and it was fixed for all samples.
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Figure 2. Schematic diagram of the electrochemical setup.
The electrochemical impedance spectroscopy (EIS) studies were carried out by changing the
frequency of 10 mV sinusoidal voltage from 100 kHz to 0.01 Hz. The DC polarization studies were
performed at a 1 mV/s scan rate from´0.4 V to +0.8 V Vs open circuit potential [11,25]. The potentiostat
was VersaSTAT (Princeton Applied Research, Oak Ridge, TN, USA) and data analysis was carried
out using Metrohm Autolab Nova 1.10 software (Ionenstrasse, Herisau, Switzerland) by fitting the
experimental data in the constant phase element (CPE) model. All electrochemical studies were carried
out at room temperature (27 ˘ 1 ˝C).
2.3. Characterization of Coating and Corrosion Products
The morphology of coating and corrosion products were determined by Scanning Electron
Microscope (SEM, Philips XL 30, North Billerica, MA, USA) operated at 15 kV, equipped with an
Energy Dispersive X-ray Spectroscopy (EDS) tool for elemental analysis. Prior to taking the image
of the SEM, samples were coated with platinum to increase the conductivity and avoid the charging
effect of samples. The X-ray diffraction (XRD, Philips X’Pert-MPD, EA Almelo, The Netherland)
studies of the coating was performed by using Cu Kα radiation (λ = 1.54059 Å) generated at 40 kV
and 100 mA. The Raman spectroscopy (Renishaw RM 1000, Mercury Dr., Champaign, IL, USA) of
corrosion products was carried out by using a He-Ne laser beam of 632.8 nm wavelength. The power
of the laser was kept at 10 mW to avoid the transformation of corrosion products due to the heating
effect. The collection time was 10 s and the ranges of Raman shift between 200 cm´1 and 3200 cm´1.
The locations of the specimens to be studied were focused through an Olympus microscope at a
magnification of 20 (Mercury Dr., Champaign, IL, USA). The sample holder had a motorized platform
with Jokey (Mercury Dr., Champaign, IL, USA) in order to have fine focusing and mapping at a desired
location. Prior to the analysis of the samples, the instrument was calibrated by using pure silicon at
the peaks of 520 cm´1.
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3. Results and Discussion
3.1. Characterization of the Arc Thermal Sprayed Coatings
The coating was characterized by SEM and XRD. The top surface and cross section morphology
of the coating by the SEM are shown in Figure 3. This coating had many defects as shown by
the arrow marks (Figure 3a,b), which is a well-known feature for such coatings [6,8]. The melted
metal particles continuously impinged on the base metals and formed layer upon layer of plate-like
microstructures [26]. With the high velocity deposition of the coating and after rapid cooling at room
temperature, the air diffused from the coating surface resulted in the formation of a splashed zone or
pores/defects on the coating surface [27,28]. These splash zones contributed to getting moisture and
other aggressive ions from the atmosphere [29,30]. A chemical analysis of the coating is shown in the
EDS spectra (Figure 3c). On the surface of coating, 2.20 wt. % oxygen was present; this oxygen might
have come during the spraying of the coating at high temperature and in-flight particles oxidation
from the atmosphere [31].
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40 mm ˆ 40 mm of selected dimensions of the coating substrate were used for the adhesion test.
The bond strength measurements were carried out for four samples, and the average was taken for all
samples. The average coating strength was 4.86 MPa and the adhesion also depends on the feedstock
value [32,33]. The bond adhesion of applied coating was low and is due to more selection of the coating
surface area.
Table 3. Bond adhesion test results of the Al coating using the arc thermal metal spray process.






3.2. Electrochemical Studies of Coating
3.2.1. Potentiodynamic Studies
The corrosion resistance properties of the coating were evaluated in the SAE J2334 solution. Prior
to this, the coating was exposed in solution for 1 h to stabilize its potential. To ensure the stabilized
potential, this experiment was carried out with a potentiostat. Thereafter, potentiodynamic studies
were carried out. It can be seen from Figure 5 that the coated substrate exhibited more resistance to
corrosion than bare steel, and that the corrosion potential (Ecorr) for the coated substrate is more active.
Due to more active Ecorr of the coating in the SAE J2334 solution, it was found that Al metal provided
cathodic protection to the steel substrate [13]. The electrochemical data are shown in Table 4, which
were extracted from fitting these curves in the Tafel region. The Ecorr values are ´0.689V and ´0.717V,
and the Icorr (corrosion current density) values are 15.22 µA/cm2 and 12.96 µA/cm2 for bare steel and
Al coating, respectively. Once the Icorr is determined, the corrosion rate (CR) can be calculated using
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Table 4. Electrochemical parameters extracted from potentiodynamic polarization curves in the SAE
J2334 solution after 1 h of exposure.
Sample ID Electrochemical Parameters
Ecorr (V) vs. Ag/AgCl Rp (Ω¨ cm2) Icorr (µA¨ cm´2) CR (µm/year)
Bare steel ´0.689 4155.0 15.22 176.82
Al coating ´0.717 5634.0 12.96 141.26
The corrosion rate in Equation (1) is expressed in micrometers per year (µm/year), corrosion
current density (Icorr) in µA/cm2. The Icorr was obtained by dividing total surface area of the working
electrode in the corrosion current, E.W. represents the equivalent weight (g/mole) and d is the
density (g/cm3).
From Table 4 it can be seen that the corrosion rate (CR) for bare steel is higher than Al coated
substrate in the SAE J2334 solution. The corrosion current density is slightly lower for Al coated
substrate than for bare steel, which indicates the lower corrosion rate of coated substrate. The
polarization resistance, (Rp) 5634 Ω¨ cm2 for Al coating and 4155 Ω¨ cm2 for bare steel, are calculated
after fitting the curve in the Tafel region. These results indicate that the bare steel is susceptible to this
environment, but a coated substrate provides protection. The bare steel attained another breakdown
potential (approximately´0.270 V) at a more anodic side due to the accumulation of corrosion products
on the bare steel surface, which were formed during the initial exposure. Coated steel exhibited passive
behavior during the anodic polarization, while bare steel exhibited more pitting and it did not form a
passive film (Figure 5). From this study, it can be said that the coated substrate has the passivating
tendency in the SAE J2334 solution. Higher Rp and lower Icorr correspond to a high degree of protection
provided by Al coating, while bare steel exhibited the reverse. These results suggested that the bare
steel is more susceptible to corrosion in the presence of such stimulants.
3.2.2. Potential-Time Studies of Al Coating in SAE J2334 Solution.
Coatings were exposed to the SAE J2334 solution and the corrosion potential was measured with
the exposure periods (Figure 6). The active potential range was from ´0.616 V to ´0.910 V for 1 h
to 72 h (inset Figure 6), respectively. The shifting of potential may be due to the coating surface’s
connected porosity, which makes the steel as cathode and gives a mixed potential value. For the initial
exposure of the coating in the solution, it activates the surface due to the presence of activating agents
such as chloride and carbonates in the solution, while more defects or active sites on the coating surface
enhances the dissolution [35]. At the time of exposure, it was passivating the surface, but not actively.
Therefore, at time of the initial exposure, the passive film was weak on the surface but once there was a
significant amount of reaction between the solution and the coating surface, the surface became more
protective. This resulted in a shifting of potential towards the nobler side. After 72 h of exposure,
the potential ennobling up to 384 h (´0.810 V) indicated the passive behavior of the coating and
determined the coating characteristics in this solution. The shifting of the corrosion potential towards
the nobler side is attributed to the formation of passive film on the coating/solution interface [36–38].
The formation of passive film enables the higher degree of protection against the coating in the SAE
J2334 solution. Thus, the Al coating exposed in simulated accelerated atmosphere conditions provided
improved protection against deterioration due to the formation of passive film.
3.2.3. Electrochemical Impedance Spectroscopy (EIS) Evaluation of Coating in SAE J2334 Solution
EIS is a very useful technique for the determination of corrosion characteristics at the
solution/coating interface. The EIS evaluation of Al coatings was performed in the SAE J2334 solution
at the open circuit potential with exposure periods. The EIS graphs are shown in Figures 7 and 8.
The Al coating applied using the arc thermal metal spray methods provided protection to the steel
substrate and can be described by EIS studies.
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From Figures 7 and 8 it can be observed that the polarization resistance of the coating is
continuously increased with exposure periods. From the Nyquist plots (Figures 7a and 8a), the
dimension of the semicircle loop has increased considerably with exposure periods, and this is
attributed to the formation of a double layer capacitance and a lower corrosion rate [39,40]. As the
exposure period increases, the passivating behavior of the coating increases, resulting in an increase
in polarization resistance. The substantial increase in magnitude of the semi-circle loop results in the
decrease of the active surface of the coating and the formation of a protective layer simultaneously.
This phenomenon is attributed to the deposition of corrosion products, which block the defects due to a
reaction between the coating surface and the ions (chloride and carbonate) available in the solution [41].
After 384 h (Figure 8a) of exposure, the enlargement of the semi-circle loop is the highest, which means
the formation of passive film is uniform, dense and very protective, and that this film exhibited more
resistance to electrochemical reaction.
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Figures 7b and 8b show the typical impedance-frequency Bode plots for coated samples at
comparative modes for different exposure periods, and the impedance at the lowest studied frequency
(0.01 Hz) that are increased with the progression of immersion periods of the coating in the solution.
The gradual increment of the impedance value with the exposure periods exhibited the formation of a
protective passive oxide film on the coating surface. The increment in impedance values are attributed
to the growth of passive film thickness and the increase in film resistance itself towards the penetration
of aggressive ions through the film [42]. This finding also corroborates the results of the Nyquist plots.
The increments of the impedance values are more significant for 384 h of exposure than for other
exposure periods.
Figures 7c and 8c of frequency-phase Bode plots show that the maximum phase angle for 1 h
and 384 h of exposure is ´40˝ and ´60˝, respectively, and is shifted towards the lower frequency
(6 Hz–1 Hz for 1 h and 4 Hz–0.3 Hz for 384 h). The shifting of the phase angle at the lower frequency is
attributed to the formation of double layer capacitance and the reduction in the anodic surface area of
the coating [43–45]. This phenomenon indicates that the surface was covered with protective and thick
passive layers on the coating surface. The corrosion characteristics of the Al coating in the SAE J2334
solution exhibited more passive behavior than in the 3.5 wt. % NaCl solution. This phenomenon is
attributed to the presence of bicarbonate and chloride ions in the solution, which is responsible for
formation of protective passive film of Al containing carbonate and hydroxides. This mechanism will
be described in a subsequent paragraph.
After fitting the impedance data in an appropriate electrical equivalent circuit (Figure 9),
this model was also reported by other researchers [46–48]. The impedance data are best fitted in
the CPE model because coatings have inhomogeneity, defects and rough surfaces, which allow the
solution to penetrate across the coating surface [49–51]. The electrochemical parameters were calculated
and the data is presented in Table 5. In Figure 9, Rs, CPEc and Rpore are representing solution resistance,
coating capacitance and polarization resistance, respectively. From Table 5 it is observed that the Rpore
of the Al coating has continuously increased with exposure periods in the SAE J2334 solution and is
exhibited due to the formation of more protective passive layers on the coating surface. Since Rpore
increases, the Yo (admittance) should be decreased and it is confirmed by the calculated values of
electrical parameters. Initially, the coating surface was rough so that the Yo was high and indicated
higher double layer capacitance [52], but as exposure periods are increased, this value became less.
This result indicates that the passive film became non-porous and protective. This observation is
exhibited due to the formation of strong passive film on the coating surface. Consequently, the n
(dispersion coefficient) for the initial period of exposure is 0.65, and it indicates inhomogeneity of the
coating surface; furthermore, it is increased with exposure periods [53].Metals 2016, 6, 55  11 of 15 
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Table 5. Electrochemical parameters of Al coating extracted after the fitting of EIS data in a constant
phase element (CPE) model with exposure periods in SAE J2334 solution.
Exposure Periods (h) Rs (Ω¨ cm2) Rpore (Ω¨ cm2) CPEc Yo (Ω´1¨ cm´2¨ s´n) n
1 64.15 2327.0 3.73 ˆ 10´4 0.65
24 62.16 2985.1 3.70 ˆ 10´4 0.66
144 60.65 4005.4 3.59 ˆ 10´4 0.67
216 62.44 4646.4 3.47 ˆ 10´4 0.73
384 69.55 7357.9 2.85 ˆ 10´4 0.80
This observation is predicting the surface becoming homogenous with the passage of exposure
periods of the coating in the solution. Blucher et al. (2001) and other researchers have observed that
for aluminum metal exposed in NaCl solution polluted by CO2 in the environment, the surface is
inhibited by corrosion products due to the cathodic reduction of oxygen and anodic dissolution of
metal by high pH [54–57]. In this study the formation of passive films that stifle the anodic dissolution
of coating are as follow:
2Al`NaHCO3 `CaCl2 `NaCl` 4H2O`
3
2
O2 Ñ NaAlCO3pOHq2pDawsoniteq `AlpOHq3pBayerite{Gibbsiteq `NaOH`CaO` 3HCl (2)
From the above results it is very important to study the characteristics of passive film, which is
being formed on the coating surface during exposure in solution. The morphology of passive film by
SEM and nature of this film by XRD and Raman spectroscopy were performed. The XRD was carried
out on passive film (plot not shown), which has been formed on the coating surface but was not able
to detect the phases present in the passive film. It may be due to the very thin layer of passive film,
which may be in nanometers, and using this technique it is not possible to detect the phases available
in passive film.
3.3. Characteristics of Passive Film Formed on the Coating Surface
3.3.1. SEM Studies of Passive Film
The SEM images and EDS spectra of passive film which has been formed on coating surface in
the SAE J2334 solution after 384 h of exposure are shown in Figure 10a,b. From Figure 10a it can be
seen that the morphology of passive film is uniform, layered and dense [44]. The growth/orientation
of passive film is prohibiting the penetration of other aggressive gases and ions. The presence of C,
O, Na and Al in EDS spectra (Figure 10b) predicts the phases related to these elements present on
passive film. For the evaluation of phases present in passive film, Raman spectra were carried out.
For knowing the characteristics of passive film, Raman spectroscopy is a very useful technique and is
described in the subsequent paragraph.
3.3.2. Raman Spectroscopy of Passive Film
Raman spectroscopy of passive film was carried out after 384 h of exposure in the SAE
J2334 solution and shown in Figure 11. The different phases are observed at different Raman
shift, i.e., 570 cm´1 (Gibbsite) [58], 868 cm´1 (Bayerite) [58], 662 cm´1, 1405 cm´1 and 1525 cm´1
(Dawsonite) [59]. The intensity of the Raman spectra is weak due to the very low concentrations of
phases and film thickness being very low. Therefore, the Raman peaks are not intense. From Raman
spectroscopy it is observed that the passive film contains Bayerite (α-Al(OH)3), Gibbsite (γ-Al(OH)3)
and Dawsonite (NaAlCO3(Al)2). These phases are very protective in nature and once these phases are
formed on coating surface they protect the materials from further corrosion. The presence of these
phases on the surface of the coating contributed enhanced corrosion resistance properties to the Al
coating exposed in the SAE J2334 solution [60,61].
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Figure 10. Morphology (a) SEM image and (b) EDS of passive film formed on the Al coating surface
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Dawsonite is thermodynamically very stable and its solubility in any environment is much
less [61]. The presence of Dawsonite, Gibbsite and Bayerite on the coating surface after exposure for
384 h in the SAE J2334 solution justify the findings of the above-mentioned results.
4. Conclusions
The following conclusions can be drawn from the above results:
1. The corrosion characteristics of the Al coating applied using the arc thermal metal spray process in
the presence of stimulants r vide enhanced corrosion resis ance p operties to the steel substrate
with exposure periods in the SAE J2334 solution;
2. The enhanced corrosion resistance properties of the Al coating is due to presence of NaCl, CaCl2
and NaHCO3 in the solution, which reduces the anodic surface area of the coating and the
cathodic reduction of oxygen by forming a thin layer of protective passive film;
3. Kinetics and the mechanism determined by EIS and potentiodynamic studies suggested the
passivating nature of the Al coating in the presence of carbonate and chloride ions of the SAE
J2334 solution with exposure periods;
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4. The morphology of passive films is very dense, layered, thick, compact and adherent to the Al
coating surface;
5. Raman spectroscopy confirmed the formation of Dawsonite, Gibbsite and Bayerite on the Al
coating surface. These phases are very protective in nature and sparingly soluble.
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